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, SECTION I
INTRODUCTION
1.1 PROGRAM DESCRIPTION

I The purpose of the Structural Life Prediction and Analysis Technology research and devel-

| opment program was to develop and verify a systematic method for predicting fatigue life

i { exhaustion of military gas turbine engine disks on a mission utilization basis. Major emphasis
| was given to the evaluation of procedures for modeling structural response to mission load-
ing, the development of a systematic fatigue life exhaustion specimen test program and
improved fatigue life prediction model, and verification of the life prediction methodology
with full-scale component tests. The major elements of a structural life prediction method-
ology are shown in Figure 1.
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Figure 1 Elements of Life Prediction




The program was divided into two phases. The first phase concerned fan and low-pressure
compressor disk environments where dwell (creep) response is minimal; the second phase
concerned high-pressure compressor and turbine environments including dwell effects. Full-
scale component testing for each phase utilized engine disk designs which contained low

cycle fatigue (LCF) life limited bolt-holes and were tested to representative, complex cycle,
mission histories. The first phase utilized a prototypical F100 fan disk geometry and titanium
alloy (Ti-6A1-2Sn-4Zr-6Mo) tested in a servo-hydraulic Ferris Wheel to simulate flight loading
conditions at the bolt-holes. The second pha% utilized a prototypical advanced transport
high-pressure turbine disk made of Waspaloy —, a nickel base superalloy.

LCF specimen testing was performed on unnotched, strain-controlled (SC) specimens,
notched, load-controlled specimens including notched round bars (NRB) and the bolt-hole
(BH) subcomponent specimen. All specimens were machined from the same heats of ma-
terial used to obtain the full-scale disks, with one heat for each alloy.

The nominal (unnotched) loading conditions for both phases were determined from mission
history analyses performed on several current Air Force engine models using a variety of
mission conditions. The unnotched loading conditions included cyclic stress ampli-

tudes, stress ratios (R = minimum stress/maximum stress), temperatures and cyclic dwell
times and stress levels. Nonlinear finite elsment analyses defined the disk and specimen notch
response to the nominal loading conditions. The finite element analyses were used to cali-
brate a simple notch model actually used in the life prediction method. Resulting values of
notch strain range and mean stress were used to characterize LCF life exhaustion.

A comprehensive LCF life exhaustion computer program was written utilizing the resulting
notch stress/strain response moael, the LCF life exhaustion model including a cumulative
damage effects algorithm, and the dwell effects model that were developed by the research
program. The computer program estimates, on a cold (fan) or hot (turbine) component
basis, LCF life exhaustion as a function of component nominal mission load history, notch
configuration, and material properties.

1.2 PROGRAM RELEVANCE

One of the major benefits possible through the development of a comprehensive tool for
predicting component life exhaustion would be the improvement in premature retirement
of disks. Presently, the Air Force is replacing disks from engines which show no evidence

of measurable damage, based upon existing nondestructive inspection (NDI) methods. How-
ever, any method which promises greater part life inherently contains the risk of premature
failure. Consequently, the results of this program need to be carefully weighted to ensure
that application of the predictive tool does not increase failure probability for components
which currently are accurately accounted for under existing systems. Especially important
in this regard are high criticality components, such as disks, where failure can cause loss of
the entire engine.




Application of the prediction tool promises a better understanding of the application of
testing procedures to verify accumulated damage in real hardware. Accelerated test proce-
dures which incorporate component normal operational fleet life exhaustion events on a one-
to-one basis are impossible to design. A realistic test which verifies design goals requires a
knowledge of how accelerated endurance damage accumulation is related to real time fleet
damage accumulation. Procedures developed within this program could result in significant
cost savings in designing endurance life verification tests. Development of these test proce-
dures promises savings in the elimination of redesigns during the development phase of engine
programs, as well as savings in avoidance of costly redesigns.

Recent occurrences of component failures resulting from fatigue related damage have had an
impact on engine development programs and fleet deployment. An example is the disk lug
ruptures which occurred during MQT endurance testing of the F100 engine. The MQT
testing was subsequently judged to be very severe when compared to actual field usage. In
other instances, cracking of engine components has occurred within a few hundred hours of
operational use, even though thousands of hours of test stand running were accumulated on
the engine model. The cost of retrofit of component hardware following service introduction
and the attendant delays in full deployment are major concemns to both the services and the
manufacturer.

No less important is the long range impact of replacement of life exhausted components. In
the last 20 years, the cost of military fighter engines has multiplied by a factor of three to
five, based on adjustment to 1978 dollars.

Costs of replacing disks have risen accordingly, especially for complex turbine disks. These
increases are dictated largely by the requirement for higher stresses and lighter weight; this
requirement necessitates use of advanced alloys and machining of complex shapes. It can be
extrapolated from Figure 2 that replacement costs of future engines could reach five to ten
times today’s fleet replacement costs. This program provides the essential effort to obtain a
comprehensive life exhaustion diagnostic tool to minimize the impact of the escalating costs
of component replacements.

50+
v F100 Stainless steel /-
| TR0 nicke! alloy
turbine disks
40+
Relative 29
replacement
cost 20+
0k Titanium alloy
compressor disks
-1 . -
1960 1970 ey
Year

Figure 2 Increased Replacement Costs of Compressor and Turbine Disks Are Due Largely
to Requirements for Higher Stressed, Lighter, More Complex Disks




1.3 MAJOR PROGRAM ACCOMPLISHMENTS

The Structural Life Prediction and Analysis Technology research program has successfully
established a basis for LCF life exhaustion modeling relevant to Air Force needs. It was
established that unnotched SC specimens, together with a model for a workhardened surface
layer in a machined component, can be used to predict the LCF life of machined BH
specimens. Further, nonlinear cumulative damage effects were clearly established for mis-
sion-relevant load histories, and these effects have been successfully modeled using a fracture
mechanics based methodology. The effects of dwell (creep) on LCF life were predicted using
a simple mean cyclic stress relaxation model. These accomplishments form the basis of the
cyclic life prediction algorithm.

Cost-effective numerical modeling of the bolt-hole notch was developed by calibration of
a simple notch model with detailed, nonlinear finite element results. The notch model
algorithm defines the cyclic stress (strain) conditions in terms of the strain range and mean
stress for the material adjacent to the notch. The research program clearly established the
validity of these variables for predicting LCF life exhaustion.

Finally, the resulting LCF life exhaustion model, incorporating all of these advanced fea-
tures, successfully correlated the full scale component test results. Mission simulation testing
of both sets of engine disks included important variations of load level, mission complexity,
and mission ordering. The resulting model has been converted to a computer program for
Air Force use.

The following report summarizes these accomplishments and describes the analytical and
empirical models in detail. The computer program is described in separate documents!*2 *,

*Superscript numbers are references (see page 109).
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SECTION 11
MISSION SURVEYS AND GENERIC MISSIONS

In order to define specimen and component test parameters appropriate to the investigation
of bolt-hole fatigue behavior as experienced by service components, an extensive survey of
missions typically flown by F111 and F15 aircraft was undertaken. The results of these sur-
veys and the selection of the relevant loading cycles for each phase of the effort are discussed
in this section.

2.1 PHASEI — FAN DISK MISSIONS

Phase I of the contract effort is restricted to the fan disk bolt-hole region. This restriction
permits us to neglect thermally induced stresses and relate bolt-hole loading and engine
operating conditions solely in terms of low rotor speed, N 1 On this basis, a typical mission
can be readily divided into distinct, activity associated blocks of subcycle activity, e.g., the
“Touch and Go activity of Figure 3.

Table 1 lists specific subcycle activities identified and characterizes each in terms of subcycle
speed excursion and frequency of occurrence for each aircraft. The data are derived from a
number of usage surveys performed by the Air Force and by Pratt & Whitney Aircraft and

is judged to reflect the mix of subcycle activity in the overall Air Force Fleet. Subcycle am-
plitudes and levels are identified as percentage of take-off maximum low-pressure rotor
speed (N 1). The representation permits consistent comparison of subcycles experienced by
different disks from different engines. The objective was to set ranges of stress variation
(proportional to N 2) which, when applied to the test specimens and disks, reflect the range
of subcycle bolt-hole loading activity experienced in the Air Force Fleet.

Those subcycles which occur at least 100 times during 100 typical fleet missions are shown

in Figure 4. From this figure it is seen that the great majority (over 90 percent) of speed ex-
cursions have a maximum speed very nearly equal to the maximum take-off speed. Thus, an
““operating line” is defined along which nearly all significant subcycle activities lie.

Three generic mission profiles, Figure 5, have been defined utilizing the subcycle definition
data discussed above. These profiles do not represent usage of a specific aircraft performing
identified activities but are instead a composite usage profile which reflects the range of sub-
cycle level and frequency in the Air Force Fleet. This connectivity is made evident in Figure 4
where the generic mission subcycles can be compared to the activities experienced in actual
operation. In Figure 6, the missions are also compared to an operating band developed by a
Monte Carlo simulation of Air Force F15 activity. The Monte Carlo simulation considers

only major subcycle activity and corresponds very nearly with our Mission B. Generic Mission A
shows a higher subcycle density since it includes a large number of smaller excursions which

the simulation neglects.
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TABLE 1

SUBCYCLE ACTIVITY CHARACTERIZATION

Excursion Excursion Number of
Max N Min N Excursions

Aircraft Engine (% of TION}) (% of T/O kl) per 100 Flights
F111 TF30-P-7 100 0 167
98 58 100
98 43 466
85 ' 60 100
v 85 55 133
TF30-P-3 100 0 100
100 74 2825
98 45 475
97 53 100
v 97 74 100
TF30-P-9 100 0 100
97 62 2825
95 44 475
98 53 100
91 65 100
TF30-P-100 100 0 100
96 52 63
88 52 63
96 88 450
95 86 450
98 59 360

7590 75-90 Random *

97 67 62
93 82 16
97 89 10
78 62 10
100 78 15
* * 97 62 360
F-15 F100 100 0 100
100 49 100
99 41 200
Y Y 100 50 700

*This is the random portion of TFR Activity, and therefore it is difficult to assign a number
of significant excursions to the significant N variations.
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The loading spectra of Figure S have been used as the basis for the test program including
both specimens and components. In addition a computer generated random loading sequence
corresponding to a +7 percent power lever angle (PLA) excursion was used to investigate
damage accumulation during a terrain following radar (TFR) activity. Specific operating

line levels were chosen to provide for loading levels and test durations of interest and will

be detailed in subsequent sections of this report.

2.2 PHASE II — TURBINE DISK MISSIONS

Turbine disk bolt-hole stresses respond to both mechanical loading (high-pressure rotor
speed, Nz) and local temperature gradients. Unlike the fan disk bolt-hole response discussed
in the previous section, turbine disk stress excursions during a mission are not generally pro-
portional to N22. In order to properly evaluate the mission usage of turbine disk bolt holes,
a complete flight analysis, including the effects of changing rotor speed and temperature
gradients, is essential. Such analyses have been performed for four turbine disks and serve
as the basis for selection of relevant test loadings in this program.

Figure 7 shows the stress response of the TF30-P-100 third-stage turbine disk bolt hole as
used in the Training Mission shown in Figure 3. Also noted in Figure 7 are the approximate
bolt-hole operating temperatures during the various mission activities. The effect of changing
disk thermal gradients during an activity are apparent in the ‘bomb-run’’ and ““touch and

e
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go” activities. Rapid air maneuvers can set up transient thermal gradients which may require
several cycles to reach a steady state condition. It is also apparent that simple scaling by

N22 would not predict the actual stress response. The principal events in the stress history
can be grouped as follows: 1) a major cycle consisting of a take-off and landing; 2) subcycles,
of varying severity (for example, the touch and go activity constitutes a major subcycle

while the TFR activity results in a minor subcycle); 3) periods of ‘‘dwell”” at high stress
occurring during “‘climb”’ activities; and 4) periods of ‘‘dwell’’ at low stress occurring during
‘“‘approach” or “‘taxi’’ activities. .
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Figure 7 TF30-P-100 Low-Pressure Turbine Disk Stress History During a Training Mission

Principal stress events for the four disks analyzed are shown in Table 2. The TFR activity is
listed as the minor subcycle for the TF30-P-100 low-pressure turbine (LPT) disk because its
amplitude is comparable to both TFR and bomb-run activities, thus representing a significant
damage event which is substantially different from the major subcycle. It should also be
noted that since actual TF30-P-9 and TF30-P-100 high-pressure turbine (HPT) disks do not
have bolt holes, the nominal stresses and temperatures listed in Table 2 were computed at

a typical bolt circle radius.

Three generic missions were chosen to represent the principal stress events listed in Table 2.
These missions are shown in Figure 8, and their principal events for the Ferris Wheel (F/W)
disk used in this program are also listed in Table 2. Absolute levels of stress will be discussed
in subsequent sections of this report. Low stress dwell is not included in these missions
because the low stress and temperature levels were judged insufficient to produce significant
time dependent material response. The generic missions serve to investigate the interaction
of dwell periods and subcycles and the effect of stress “‘overloads” on the dwell effect.
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SECTION 111
TEST PROGRAM OVERVIEW

The development of the cumulative damage models in the contract involved three major

areas of fatigue testing and prediction. First, basic material fatigue data were obtained for

simple cycle loading. Cumulative damage specimen tests were conducted next to identify

the cumulative damage mechanisms. Finally, the cumulative damage models were substan-
i tiated with complex mission testing of component-like disks.

3.1 SIMPLE CYCLE FATIGUE TESTS

The Strain Controlled (SC) specimen shown in Figure 9 was used to develop a basic simple
d cycle fatigue life prediction equation. This specimen was used because gage section stresses
| and strains are known explicitly for each test and thus allow the development of a fatigue
| system which is independent of notch geometry and notch stress/strain estimation. The SC
specimens were electrocheinically machined to achieve a stress free surface.

T 0.3 DIA.

0.55 DIA.

Figure 9 Strain Controlled (SC) Specimen ( 77-551-9091)




The Bolt Hole (BH) specimens shown in Figures 10 and 11 were used to find the relation
between the simple cycle LCF behavior of bolt holes and the smooth SC specimens. From
these back-to-back tests, the presence of a bolt-hole surface residual stresses was inferred in
both the PWA 1216 and PWA 1057 bolt holes. A surface residual stress algorithm which ac-
counts for the effect of the residual stress and the cyclic hardened condition of the surface
layer was developed and is described in Appendix B. The use of this algorithm showed that
the basic fatigue behavior equation developed with the SC specimen was applicable to the
BH specimens as well. This merging of the SC and BH fatigue data confirmed the expecta-
tion that fatigue behavior prediction can effectively be transferred from specimens to com-
ponents if the local notch mechanical conditions are accurately known.

_,g}__%_&é} e

0.6255 DIA. -/ \— 0.291 DIA,

Figure 10 Phase I Bolt Hole (BH) Specimen, K= 2.55(77-551-9898-5)
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Figure 11  Phase Il Bolt Hole (BH) Specimen, K= 2.34 (XPN-15021)

0.150

The simple cycle bolt-hole test conditions were chosen to simulate principal component
usage identified in the mission surveys discussed in Section II. Bolt-hole specimen loading
cycles are shown schematically in Figure 12.

In Phase I testing, the principal features were major cycle tests corresponding to take-off
and landing and various amplitudes of subcycle testing corresponding to in-flight activities.
Two levels of maximum nominal stress (Smax) were evaluated in the major cycle tests, and
two levels of nominal stress rarge, AS, were tested in the subcycle tests. All tests were con-
ducted at room temperature.

In Phase II, major cycle tests with and without the effect of high stress dwell, and subcycle
tests without dwell were conducted. Three levels of S, and three levels of AS were eval-
uated. All tests were conducted isothermally at 900°F to simulate engine environment.

Details of the testing and fatigue model are discussed in Section V.,
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Figure 12 Simple Cycle Bolt Hole Tests

During Phase I, a limited number of simple cycle LCF tests were conducted using the notched
round bar (NRB) specimen shown in Figure 13. However, elastoplastic finite element analysis
of this specimen showed that the stress-strain response of the notch was significantly different
in character from the response of either the SC or BH specimens due to a very high degree of
biaxiality in the notch. These results were previously reported®. The incorporation of the
data was therefore inappropriate for the development of a bolt-hole life prediction model.
Consequently, no NRB tests were conducted during Phase II of this contract, and NRB
behavior will not be considered in this report.

3.2 CUMULATIVE DAMAGE TESTS

Cumulative damage investigations were conducted using various combinations of test condi-

‘ tions already characterized in the simple cycle testing program. Only two sorts of cumulative

« damage tests are possible; block loading or sequenced tests as shown schematically in Figure

! 14. Nearly all testing was of the block loading type in which load crdering effects can easily be
observed. The sequenced test does not evaluate the effect of order ng.




{ - - —

\___._L’
0.359 DIA, — — 0.250 DIA.

o

0.0365 RADIUS

Figure 13  Notched Round Bar (NRB) Specimen

Rlock loading Sequenced loading
a loading for mﬁ?“:m B cycle Beyce
N, Cycles B «ych « Cyce
i 3 M" Nm
stress stress
S S
Time —= Ty —e

Figure 14 Cumulative Damage Bolt Hole Tests

In both Phase I and Phase II, the block loading tests revealed a strong influence due to order -
ing which was modeled successfully by double-damage concepts. In Phase II, the effect of
the dwell cycle was also found to be modeled properly by double-damage concepts. i

The test conditions were chosen to reflect the ordering effects of interest identified by the |
mission surveys. For example, the effect of a stress overload following a dwell cycle was in- ﬂ
vestigated in both block loading and sequenced tests during Phase II. |

Details of the cumulative damage specimen testing are discussed in Section VI.
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3.3 FERRIS WHEEL DISK TESTS

The cumulative damage models developed in the specimen test program were verified by test-
ing of full-size disk-like components in a “Ferris Wheel” (F/W) which simulates engine loading
through radially applied loads at the disk rim. The Phase I tests were conducted at room tem-
perature, while the Phase II tests were conducted at 900°F without temperature gradients

at the bolt circle.

Four disks were tested in Phase I and three disks in Phase II. The generic missions shown in
Figures 5 and 8 were used as the basis for disk loading. The effects of mission mixture and
different maximum load levels were included to provide a reasonably comprehensive test of
the cumulative damage prediction model.

The F/W tests are discussed in detail in Section VL
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SECTION IV
CHARACTERIZATION OF LOCAL NOTCH BEHAVIOR

Accurate characterization of local bolt-hole mechanical conditions such as strain range and
mean stress is fundamental to accurate LCF life prediction of the hole. Because the oper-
ating load levels for engine disks often result in local plastic deformation at the bolt hole,
elastoplastic stress analyses are essential. In addition, the operating temperatures and stresses
in turbine disk bolt holes are often sufficiently high to cause time dependent material non-
linear behavior. Calculation of local notch stresses and strains in the presence of these two
nonlinear effects are described below.

4.1 ELASTOPLASTIC ANALYSIS
Two nonlinear models were used in this contract to predict local mechanical variables for

both monotonic and cyclic plastic response. The first model is the well-known Neuber
model®. The stress concentration and strain concentration factors, given by

K, =0/S,

K= €E/S
are related by the elastic value of the stress concentration factor, K¢

K K. =K,2 ()
Equation (1) defines a Neuber hyperbola for a given applied nominal stress (S). The inter-

section of the Neuber hyperbola and the stress-strain curve defines the local notch stress and
strain values as shown in Figure 15.

Neuber curve
Omax €max = (KTSmax)?

Stress O

Strain €

Figure 15 Determination of Local Cyclic Conditions by the Neuber Calculation
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The second model is an elastoplastic finite element analysis using the MARC* computer
program. The finite element analysis was judged to be the most accurate characterization
method, but was too cumbersome for routine calculations. The Neuber notch model was
judged to be extremely efficient, but had to be modified by the finite element results to
obtain necessary levels of modeling accuracy.

Comparison of the two models for the BH specimens is shown in Figures 16 and 17 in terms
of the local strain concentration (K¢) and stress concentration (K ;) factors. The comparison
is made at a material location just below the bolt-hole surface which corresponds to the loca-
tion of the nearest finite element stress solution point. The comparison is judged to be valid
also for the bolt-hole surface itself. The comparison is given for both the monotonic stress-
strain curve and the hysteresis curve for the material tested in Phase I and for the monotonic
curve used in Phase I1. Details of the stress-strain curves are given in Appendix A. It is prop-
erly concluded that the Neuber model gives good results for local stress and strain values so
long as the stress-strain curve exhibits a high degree of strain hardening (i.e., the stress-strain
curve is relatively “steep”) and can, therefore be used with the hysteresis curves. However,
use of the Neuber model with the monotonic curves (low strain hardening) is seen to lead to
significant over-estimation of strains. Figures 16 and 17 can be used to modify or correct
the Neuber calculation. The Neuber correction curves for the bolt-hole specimens responding
to the monotonic stress-strain curves are given in Figure 18. The Neuber approach, properly
corrected for use with the monotonic stress-strain curves, was used in both Phase I and
Phase II of the contract.

——Finite element results
——Neuber calculation g
30 = Y KG
// monotonic
curve
2.8 €
‘0
S 26
xw g
B u = s
= K curve
5 22 5 €
ﬁ o
£
8 20 b
K
18- montonic
curve
(PR S e SR €
70 80 90 100

S Nominal stress, ksi

Figure 16  Finite Element Results Versus Neuber Calculation for PWA 1216 Materidl

*The MARC general purpose, nonlinear finite element code, MARC Analysis Corporation,
Providence, R. I.
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Figure 17  Finite Element Results Versus Neuber Calculation for PWA 1057 Material

Strain from elasto-plastic F.E. analysis
Strain from Neuber calculation
2

0.87

—

PWA 1216 at room temp.

PWA 1057 at 900°F

1 J
0 0.010 0.020

Strain from Neuber calculation (n/n)

Figure 18  Strain Calibration Curves for Neuber Calculation
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4.2 BOLT-HOLE SURFACE LAYER RESPONSE

In both Phase I and Phase II of the contract, recognition of a bolt-hole surface layer was
crucial. Machining of the BH specimens and F/W disk bolt holes is known to introduce com-
pressive surface residual stresses. A surface layer response algorithm was developed which
accounts for the effects of an initial stress state, 0, and the cyclic hardened condition de-
veloped in the surface layer during the machining operation. Appendix B provides an explan-
ation of this algorithm.

The modified Neuber approach described in the previous section was used in conjunction
with this surface layer algorithm to calculate the stress response of the surface layer and the
underlying subsurface material during fatigue testing. Figure 19 illustrates the method for
two cycles of loading of a bolt-hole specimen. Stress and strain values during the cycle for
this example are listed in ‘Table 3. The modified Neuber approach is used to calculate the
subsurface stress and strain at point A since the low-hardened, monotonic curve is involved.
Subsequent stress excursions, from A to B and from B to C for both surface and subsurface,
follow the high-hardened, hysteresis curve, so the Neuber calculation need not be modified.

|
0.0110 asl Strain (in.in.)

=SSR, |
o re
O }
§§ o,+20 E
Surface layer

Figure 19

+ 10 response

|
B 1
€, €, +0010 Strain (in.in.)

Surface Layer Plastic Response
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TABLE 3

SURFACE AND SUBSURFACE STRESSES AND STRAINS

FOR ILLUSTRATIVE EXAMPLE
Surface Layer Subsurface Layer

Reference Point
in Load History Stress Strain Stress Strain

(0] 0o € (o) (6]

A 95+0 (@) é+e, a (8 4

B 0, t0 (6)-0 (Ae) &-Aete, 0 (&) -0 (Ae) €- Ae

c 0, +0 () E+e, 8® &

4.3 STRESS RELAXATION

The temperatures and stress levels experienced in turbine disks and in the test conditions of
Phase II were sufficiently severe to cause noticeable creep in a standard creep specimen as
reported in Appendix A. In a strain controlled environment, the material’s nonlinear behavior
will be exhibited as a stress relaxation. Two cyclic relaxation tests of the Phase II material,
PWA 1057, were conducted using the SC specimen shown in Figure 9. These data, reported
in Appendix A, showed that the mean stress during cycling decayed exponentially and the
relaxation of the mean stress, TR could be written as

;R = og] (e -0.002T -l) (2)

where: a‘,’n is the time averaged mean stress in the first cycle and T is the total time spent
at the maximum strain limit during cycling.

Since all testing under Phase II was isothermal, the assumption is made that the exponential
decay rate is the same for all stress levels and the relaxation is given by (2). A complete
derivation of ﬁ' for complex missions and simple cycle tests is provided in Appendix C.
The relaxation of both surface and subsurface stresses is recognized fully in the simple cycle
and complex cycle LCF life predictions in the Phase II effort.
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SECTION V

SIMPLE CYCLE LIFE MODEL

A mathematically simple model has been used to correlate the simple cycle LCF data. The
model recognizes that LCF life is dependent upon the severity of the hysteresis activity ex-
perienced locally, measured in terms of the local strain range, A€, and the mean stress value,
O 2t which this activity occurs. The life correlating model is given by

Co
N=AaB1o ™ 3)
where N is the LCF life, and A, B, and C are material dependent constants. Constant life

curves from (3) are shown in Figure 20.

This section discusses the specific use of (3) in correlating the simple cycle LCF data in
Phase I and Phase II.

Strain range
A€ 10° cycles
\ 10* cycles
10° cycles
Mean stress~op

Figure 20  Constant Life Curves

5.1 PHASEI — SIMPLE CYCLE LIFE CORRELATION

During Phase I PWA 1216 strain controlled specimens (Figure 9) of a single heat code (CAAZ)

were cycled between fixed strain limits and periodically inspected to establish the number of
cycles, N, needed to initiate a 1/32 inch surface length crack. Table 4 provides a list of test
conditions and resulting LCF lives for each specimen. Also included in Table 4 are the cor-
responding values of stress and strain occurring during the first loading and during subsequent
cycling between the strain limits. The values of stress listed here were obtained directly from
the monotonic and hysteresis curves given in Appendix A and do not involve any nonlinear
analysis. The mean stress level, oy, is given by

Om = [ - —;— o (Ae) (4)

where & is the maximum stress occurring during the first loading cycle obtained from the
monotonic stress strain curve, and o(Ae) is the cyclic stress resulting from the strain excur-
sion Ae obtained from the hysteresis stress strain curve.
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The logarithmic form of (3),
logN = log A +BlogAe + Co, (5)

lends itself to standard multivariate linear regression techniques in which log Ae and o, are
treated as the independent variables. Appendix D contains a discussion of multivariate re-
gression analyses. The constants log A, B, and C determined by such an analysis can be iden-
tified in the following equation.

logN = —8.0979 — 6.7319 log Ae — 0.020306 0, (6)

TABLE 4

PHASE I STRAIN CONTROLLED SPECIMEN
SIMPLE CYCLE LCF DATA

Strain Limits Eirst Loading  Subsequent Loading  Actual Predicted

Test ain  Ewak o £ Ae  o(de) o, Life Life*

Condition (infin) (in/in)  (ksi) (in/in) (infin) (ksi) (ksi) (cycles) (cycles)

SC1 0.0000 0.0157 179.9 0.0157 0.0157 253.3 53.3 740 960
0.0000 0.0157 179.9 0.0157 0.0157 253.3 53.3 750 960
0.0000 0.0157 179.9 0.0157 0.0157 253.3 53.3 850 960

SC2 0.0030 0.0155 179.8 0.0155 0.0125 212.0 73.8 1,800 1,700
0.0030 0.0155 179.8 0.0155 0.0125 212.0 73.8 2,000 1,700
0.0030 0.0155 179.8 0.0155 0.0125 212.0 73.8 2,400 1,700

SC2 0.0062 0.0155 179.8 0.0155 0.0093 162.8 984 2,800 3,800
0.0062 0.0155 179.8 0.0155 0.0093 162.8 984 2,800 3,800
0.0062 0.0155 179.8 0.0155 0.0093 162.8 98.4 3,400 3,800
0.0062 0.0155 179.8 0.0155 0.0093 162.8 984 3,600 3,800

SC4 0.0010 0.0103 173.3 0.0103 0.0093 162.8 919 5,700 5,200
0.0010 0.0103 173.3 0.0103 0.0093 162.8 919 8,700 5,200
0.0010 0.0103 173.3 0.0103 0.0093 162.8 91.9 9,400 5,200

SCs 0.0000 0.0093 162.8 0.0093 0.0093 162.8 81.4 6,600 8,600
0.0000 0.0093 162.8 0.0093 0.0093 162.8 81.4 8,000 8,600
0.0000 0.0093 162.8 0.0093 0.0093 162.8 81.4 11,000 8,600
0.0000 0.0093 162.8 0.0093 0.0093 162.8 81.4 11,500 8,600

SCé6 0.0002 0.0093 162.8 0.0093 0.0073 127.8 989 12,500 19,100
0.0002 0.0093 162.8 0.0093 0.0073 127.8 989 18,100 19,100

* using equation (5) with fatigue constants (10)
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The SC data correlation and the 95 percent confidence band is shown in Figure 21. The con-
fidence band shows the limits of lives within which a data point would be expected to fall
95 percent of the time based on the accuracy of the prediction model (6). Figure 21 shows
that the good correlation has been achieved for the data set taken as a whole and that the
correlation of individual groups of data is quite consistent.
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//
10°F 74 P
£
7/ 77 5% confidence band
Predicted o
life  10°1 /56,7
/
cycles i /o'
7/ /7
ol 7 //
L // /
v / O'SC data
/7 v
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107 /7 1 Sl 1 &
10? 10° 10 108 10°
Actual life ~ cycles

Figure 21  Phase I Strain Controlled (SC) Data Correlation

Figure 22 compares the Weibull distributions for the data as correlated with (6) and for a
“perfect” correlation model. (See Appendix D for further discussions of the Weibull distri-
bution .) The additional scatter introduced by the correlation model (indicated by the de-
crease in slope f3) is not judged to be excessive, especially in view of the relative simplicity
of the correlation model. Furthermore, the Weibull distribution is continuous, and Table 4
reveals no patterns of consistently poor correlation for any particular subset of the data.
The overall correlation is judged to be very good.

Bolt-hole specimens, as shown in Figure 10, were loaded cyclicly between fixed nominal
stress levels and periodically inspected to establish the 1/32 inch crack life. Table 5 lists
the test conditions and actual lives. Included in Table 5 are the stresses and strains used

to characterize the local notch behavior. The values are calculated using the appropriate
modified Neuber calculation and the surface residual stress algorithms discussed in Section
IV and Appendix B. Figure 23 illustrates the hysteresis activities for each test condition in
o-€ space. The mean stress of the surface layer is given by

g il

m

1
ot 9@ - 3 o (Ae) (7)

The value of 9, is not known explicitly but was found through regression techniques as fol-
lows.
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The mean stress for both SC and BH specimens is composed of two parts: 0, an initial
stress state, and 0, the stress excursions from the initial stress state to the mean stress level.

That is

Om =0, t 0, (8) i
x 1
where 0, =0 (€ — = o (Ae) for SC specimens ﬁ
1
Oy = a (&) — 5 o (Ae¢) for BH specimens

For the electrochemically machined SC specimens, 0, = 0 while o - # 0 but is unknown for
the BH specimens. (5) can be rewritten as

logN = logA + BlogAe + C(Doy + 0,) )

0 for SC specimens
1 for BH specimens

where D
D

This equation reduces to (3) for the SC specimens. A multivariate regression analysis with
three independent variables, (log Ae, O, and D) for each data point, will yield the constants
log A, B, Cand Co, for the combined BH plus SC data set. The value of 0, can then be
easily calculated. The values for such a regression analysis are as follows:

logA = -8.0508
B = -6.7195 (10)
C = -0.020476
0o = —136.1

It is clear that the material fatigue constants, log A, B, and C, agree very closely with those
obtained from considering the SC data only, (6). Predicted values of life using constants
from the combined data set, are shown in Tables 4 and S. Figure 24 shows that the overall
correlation of the combined data set is excellent; all data points lie well within the 95 per-
cent confidence band expected for SC data only, and the mean lives of each data set are cor-
related very well. The Weibull plot of Figure 25 shows that the scatter in the overall correla-
tion is not significantly larger than the inherent scatter in the data. It is, in fact, closer to
the scatter in a perfect correlation than was achieved by the SC data alone, see Figure 22.
This is due to a better definition of the scatter resulting from a larger population and the
obvious success of the merger of the BH and SC data sets. Thus, the correlation is judged to
be very good, and it is clear that the correlation model adequately accounts for the major

fatigue influencing parameters.
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Figure 22  Phase I SC Correlation Weibull Plots

TABLE §

PHASE I BOLT-HOLE SPECIMEN
SIMPLE CYCLE LCF DATA

Nominal First Loading
Stress  _Subsurface  Surface Subsequent Loading Actual Predicted
Test Limits b} e o (6) Ae 0 (Ae) 0p-0, Life Life*
Condition _(ksi) (ksi) (infin) (ksi) (in/in) (ksi) (ksi) (cycles) (cycles)

BHI 50+50 181.5 0.0191 279.0 0.0151 246.1 156.0 4,500 6,000
50+50 1815 0.0191 279.0 0.0151 246.1 156.0 5,300 6,000

50+50 18i.5 0.0191 279.0 0.0:51 246.1 156.0 5,600 6,000

\ 50+50 181.5 0.0191 279.0 0.0151 246.1 156.0 5,800 6,000
50+50 181.5 0.0191 279.0 0.0151 246.1 156.0 6,000 6,000

50+50 181.5 0.0191 279.0 0.0151 246.1 156.0 6,500 6,000

50+50 181.5 0.0191 279.0 0.0151 246.1 156.0 7,200 6,000

S0+50 181.5 0.0191 279.0 0.0151 246.1 156.0 7,400 6,000

. 50+50 181.5 0.0191 279.0 0.0151 246.1 156.0 7,600 6,000

BH\Z 60+40 181.5 0.0191 279.0 0.0119 203.0 177.5 10,000 10,800
3 60+40 181.5 0.0191 2790 0.0119 203.0 1775 13,900 10,800

BH3 70+30 181.5 0.0191 279.0 0.0088 157.6 200.2 23,500 28,100
70+30 1815 0.0191 2790 0.0088 157.6 200.2 31,000 28,100

BH4 40+40 179.1 0.0127 214.8 0.0119 203.0 113.3 157,000 223,000

* using equation (5) with fatigue constants (10)
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Figure 23  Surface Layer and Subsurface Response for Phase I Simple Cycle Bolt Hole
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Figure 25  Phase I Combined Data Set Weibull Plots

The value of [ resulting from the regression must be evaluated in terms of its physical in-
terpretation in the surface layer algorithm; the value of —136.1 ksi is certainly a reasonable
value for a residual surface stress.

The close agreement of the fatigue constants and the reasonable value of o indicate that <
the surface layer algorithm is reasonable. In order to further evaluate the algorithm, an at- {
tempt was made to predict the BH data using mean stress values given by (4) (i.e., the value

ofo,, as if no surface layer were present) and (6) developed for the SC data alone. The re-

sults of this attempt are shown in Figure 26. It is obvious that a very significant improve-

ment is achieved by the use of the surface layer residual stress algorithm.

Several important conclusions were made from the above analyses:

1)  The local mechanical parameters, strain range, Ae¢, and mean stress, 0, as used in
the life model (3) are the principal variables affecting-the fatigue life in bolt-hole-
like regions.

2) The constants A, B and C are basic material fatigue constants that can be deter-
mined from well controlled SC testing. This suggests an alternate approach to
finding the value of 0, for a notch; with material constants A, B, and C known
from SC tests, the value of 0, can be evaluated by using'(9). This approach was
used in Phase II.
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3) A work hardened surface layer with an initial stress state is present in the bolt
holes, and the surface layer algorithm of Appendix B adequately models its be-
havior.

4) Accurate calculation of A¢ and 0, is essential to accurate fatigue prediction and
is a fundamental link in translating specimen fatigue results to component life

prediction.
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Figure 26  Prediction of Phase I BH Data Without Consideration of Surface Layer

5.2 PHASE II — SIMPLE CYCLE LIFE CORRELATION

During Phase II testing, the element of elevated temperature effects was added to the inves-
tigation of fatigue behavior. All tests were conducted isothermally at 900°F using a single
heat code (XNNZ) of PWA 1057. The basic approach in the investigation remained essen-
tially the same as that followed in the Phase I room temperature testing. That is, the same
life correlating model (3) was employed, and SC tests were used to establish the material’s
fatigue constants A, B, and C. Next, bolt-hole testing, with appropriate accounting of sur-
face layer and stress relaxation, was evaluated against the fatigue model.
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Table 6 lists the individual SC test conditions and resulting 1/32 inch crack lives. As noted

in Appendix A, the PWA 1057 material hysteresis curves were dependent upon strain range
and, in general, showed more variability than the PWA 1216 room temperature behavior,
thus making calculation of mean stress levels from standard material curves more difficult
than in Phase I. In addition, even small temperature fluctuations while testing in a strain
controlled mode caused noticeable variations in recorded specimen load levels. Consequently,
the average mean stress values for each test condition were obtained from the load records
of each test and used in the data reduction. The regression analysis of these data, using the
logarithmic form of (3), yielded the material fatigue constants as follows:

log A = -6.0796
B = —4.8057 (11)
C = -0.013647
TABLE 6
PHASE II STRAIN CONTROLLED SPECIMEN
SIMPLE CYCLE LCF DATA
Actual  Predicted
Test Specimen €min €max Ae O Life Life
Condition Number (irrll}in) (in/in) (infin) (ksi)  (cycles) (cycles)

SC1 10579 0.0000 0.0140 00140 2.0 900 600
SC2 1057-12 0.0050 0.0140 0.0090 27.0 2300 2400

1057-18 0.0050 0.0140 0.0090 41.5 1000 1500
SC3 1057-20 0.0042 0.0118 0.0076 34.5 3000 4300

1057-21 0.0041 0.0119 0.0078 39.0 1600 3300

1057-23 0.0042 0.0118 0.0076 42.5 2600 3400

1057-25 0.0043 0.0121 0.0077 56.0 2000 2100
SC4 1057-22 0.0000 0.0098 0.0098 26.5 2000 1600

1057-24 0.0005 0.0098 0.0093 42.0 2000 2600
SCS 1057-27 0.0022 0.0098 0.0086 44.0 1000 1800

1057-28 0.0022 0.0099 0.0087 48.5 2300 1500
SCé 1057-36 0.0025 0.0090 0.0065 40.0 7000 7700
sC7 1057-30 0.0003 0.0079 0.0076 40.5 6000 3600

1057-31 0.0002 0.0079 0.0077 32.5 6000 4300
SC8 1057-32 0.0015 0.0078 0.0063 57.0 9000 5200

1057-37 0.0015 0.0080 0.0065 46.0 8500 6400

e e e i et el i
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The overall correlation is shown in Figure 27. The Weibull curves in Figure 28 compare the
degree of scatter in the correlation to the best estimate of perfect correlation. It is seen that
the increase in scatter introduced by the correlation model is comparable to that observed
in Phase I. And again, no patterns of overprediction or underprediction are apparent from
Table 6. As expected, the higher degree of variability associated with high temperature
testing and material behavior is reflected in a larger degree of scatter in both the material’s
inherent scatter and in overall data correlation.

As concluded in the Phase I testing, the constants (11) were viewed as material constants
and were used directly in the correlation of the BH data. However, there is a significant dif-
ference in the nature of the BH tests between Phase I and Phase II which must be recog-
nized.

The high temperature environment caused relaxation of the mean stress in the bolt-hole re-
gion. Since the mean stress has been identified as a primary fatigue correlating variable, re-
laxation models had to be incorporated in the characterization of the mean stress. Of the
several models investigated, the model discussed in Appendix C and in Section IV was
judged to be the most straight-forward and reasonable. This model was developed from di-
rect observation of cyclic relaxation tests, and employs a single decay rate, a (= 0.002 hr’ 1 4
which is viewed as characteristic of the material’s behavior at 900°F.
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Figure 27  Phase Il SC Data Correlation
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Figure 28  Phase II SC Correlation Weibull Plots

The BH test conditions were selected to span the range of load levels and nominal stress
ratios, R, pertinent to actual component usage as described in the mission surveys (Section
II). The test conditions and actual lives are given in Table 7, and the surface and subsurface
stress conditions are shown in Figure 29.

Prior to incorporating either the mean stress relaxation model or the surface layer algorithm
into the calculation of BH mean stresses, an attempt was made to predict the BH data using
the fatigue constants (11) and mean stress values given by

Oy =0 — % o (Ae) (12)

that is, as if neither a surface layer nor stress relaxation were present in the BH specimens.
Figure 30 shows the results of this prediction. It is clear that (12) does not adequately de-
scribe the mean stress.

Incorporating the surface layer mean stress algorithm in the life equation for the BH speci-
mens
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E | TABLE 7

- PHASE II BOLT HOLE SPECIMEN ]

SIMPLE CYCLE LCF DATA
L | Nominal First Loading ) Predicted
,; Stress Subsurface  Surface _Subsequent Loading Actual Life
, Test  Limits 0 ¢ 0@ de o(de) )]ty Life  Eq.(16)
| Condition  (ksi) (ksi) (in/in) (ksi) (in/in) (ksi) (seconds) (cycles) (cycles)
BHI 42+42 144 0.0081 224 0.0068 196 2/2 15,700 55,800
144 0.0081 224 0.0068 196 2/2 49,000 55,800
BH2 50x50 148 0.0112 273 0.0082 229 2/2 7,000 9,300
148 0.0112 273 0.0082 229 2/2 8,000 9,300 L
148 0.0112 273 0.0082 229 10/10 6,000 9,300
148 0.0112 273 0.0082 229 10/10 8,000 9,300 :
148 0.0112 273  0.0082 229 10/10 8,500 9,300 '
148 0.0112 273 0.0082 229 10/10 9,000 9,300 .-
BH3 55+55 150 0.0136 294 0.0092 246 2/2 5,000 3,600
150 0.0136 294 0.0092 246 2/2 6,000 3,600

BH4 80+30 150 0.0136 294 0.0048 140 2/2 > 64,000 16,700
150 0.0136 294 0.0048 140 2/2 > 64,000 16,700

BHS 70+30 148 0.0112 273 0.0048 140 2/2 185,000 32,900
148 0.0112 273  0.0048 140 2/2 > 185,000 32,900
BH9 72.5+37.5 150 0.0136 294 0.0061 175 2/2 72,400 8,700
150 0.0136 294 0.0061 175 2/2 96,000 8,700
BH7 50+50 148 0.0112 273  0.0082 229 105/2 30,000 36,900
148 0.0112 273 0.0082 229 105/2 55,000 36,900
BH6 S5+55 150 0.0136 294 0.0092 246 105/2 8,000 16,300
150 0.0136 294 0.0092 246 105/2 9,000 16,300

e o Y Sk Ralaie AN
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1
logN = —6.0796 — 4.8057 log Ae — 0.013647 (0, + 0(¢) — 5 9 (49) (13)

provides a method for evaluating o o Equation (13) was used to find a value of o " for each
of the major cycle, rapid (i.e., no dwell time) test conditions (conditions BH1, BH2, and
BH3). The average value was found to be —160 ksi. This value is reasonably close to the
compressive strength of the material, and consequently seems to be a reasonable value for

a residual stress. The dwell test data (conditions BH6 and BH7) were not included for cai-
culating o in order to preclude the possibility of relaxation modeling inaccuracies affecting
the %6 determination. The subcycle conditions BH4, BHS, and BH9 were not included for
reasons that will be discussed shortly.

With o, established, the relaxation model discussed in Appendix C was used to calculate the
mean stresses during the dwell tests. For the simple cycle tests, the relaxation of the mean
stress can be written as

il b T
aR={oo+o(e)——2— a(Ae)(l + t2+t1) }(e‘“ -1 (14)

and the instantaneous mean stress can be written as

1 tHh-t
oy = o 8 o(Ae)( 3 1)(e*"'f— 1) (15)

where 00, = 0, +0(e) — 5 a(Ae)

0.002 hr’!

a

Figure 31 shows the relaxation of the mean stresses for the simple cycle BH test conditions
as calculated from (15). The minimum allowed stress, o , as discussed in Appendix C was
taken to be -160 ksi. Substituting (15) into the mean stress term of (13) gives a life equation
for both rapid and dwell BH test conditions as:

logN = —6.0796 — 4.8057 log Ae

1 th -t
_0.013647 |00 £0:002T _ L jopg[ 21)0002T _ (16)
m 2 ty+t;
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Since T is a function of N, an iterative procedure was used to find the predicted life. Result-
ing predicted f- igue lives are listed in Table 7, and the resulting correlation is shown in
Figure 32. The orrelation of both rapid and dwell major cycle data is good with the single
exception of one specimen tested at condition BH1. This specimen failed much sooner

than expected and lies outside of the 95 percent confidence band established by the SC
data; all other major cycle data lies well within the confidence band. This single data point
is suspected as a statistical “outlier”. Figure 33 compares the Weibull distributions resulting
from the correlation model to the hypothetical “perfect™ model for the SC and the major
cycle BH data. The single data point suspected as an outlier is indicated in the plot but was
not included in determining the slope of the distribution. Its position suggests even more
strongly that it is an outlier. Once again, the quality of the correlation model is judged to be
good for the major cycle data based on the results shown in Figures 32 and 33.
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Figure 32  Correlation of Phase Il SC and BH Data
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The principal influence in correlating the rapid cvcle test points is the recognition of the sur-
face layer since very little relaxation takes place for those data points (see Figure 31). It is
clear that a surface layer does exist in the bolt-hole specimens and that its behavior is mod-
eled accurately by the same algorithm as employed for the PWA 1216 bolt-hole specimens.
The correlation of the dwell data is due to the recognition of both surface layer stresses and
their subsequent relaxation. It was concluded that the relaxation model incorporated the
principal features of the relaxation process. This conclusion was further supported with the
cumulative damage testing.

Figure 32 shows that the subcycle BH test conditions are consistently underpredicted. That
is, the correlation model assigns more fatigue damage to these conditions than is actually
experienced. This was definitely not the case for the PWA 1216 data. This comparison sug-
gests that a material dependent mechanism is active and is associated with subcycle activity.
Further, comparison of local stress/strain conditions for the major cycle and subcycle test
conditions (Figure 29) indicates that mechanism is probably associated with the strain
range. This behavior is suggestive of a fatigue threshold mechanism. Regardless of the mech-
anism involved, cumulative damage testing using these subcycles clearly showed that sub-
cycles contributed to damage accumulation when used in combination with a major cycle.
Furthermore, subcycles can never exist as isolated events in the usage of a real component.
The double-damage cumulative damage model discussed in Section VI fully accounts for the
subcycle damage.
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SECTION VI

CUMULATIVE DAMAGE LIFE MODEL
6.1 THE DOUBLE-DAMAGE MODEL

A cumulative fatigue damage model was developed using the double-damage effect described
by Manson®. This model is most easily illustrated for a block-loading test such as shown

in Figure 14. For such a test, the familiar linear Miner’s’rule assesses the damage done during
each block of loading to be

Dj = nj/Nj (16)

where Dj is the relative damage due to nj cycles at a load condition which has a simple
cycle life of N; .

The double-damage effect recognizes that the entire life of the part is composed of a crack
initiation phase and a crack propagation phase. For a given value of Dj, the crack size (follow-
ing initiation) developed during high stress amplitude loading such as the o - loading in Figure
14 is larger than the crack that would have been developed during low stress amplitude load-
ing. Thus, a low amplitude loading block following a high amplitude loading block, during
which initiation has occurred, will result in failure sooner than would be predicted by the
linear Miner’s rule damage model.

Linear damage modeling predicts (for the block loading test shown in Figure 14) that the
cycles to failure in the f-loading block, ng, following ny cycles at the o - loading block is
found from the Miner’s rule equation

1=— +— (17)
If, however, a crack, 3, has been initiated at the end of the « - loading block, then the double-
damage model implies that ng is governed by fracture mechanics.
The crack growth law is needed to derive an expression for ng*, the cyclic life remaining

under f - loading as predicted by fracture mechanics. The crack growth law is given by

%:71 = C AK" (18)




da
h ———
where N

AK = alternating stress intensity factor

crack growth rate

n = crack growth exponent

C

crack growth constant

The alternating stress intensity factor AK must include the effects of local stress ratio, R
(= 0min/omax). For the materials considered in this contract, the R-ratio model can be in-
corporated in the equation for AK as

AK = Ao (d?R> NEZR 4 (19)
where a = crack size

Y = crack shape function

Ao = local stress range [= o0(A€)]

b,d = material constants derived from R-ratio crack

growth tests

Integration of the crack growth law (18) gives an expression for ng*, the number of cycles
required to grow the crack, 2 to a final length of 1/32 inch length under § - loading.

1 Ap-n/2 _ 1. 1-nf2
Aop] n/f2-1)

ng* =

CE/TY

If, instead, the crack 3 had been propagated under « - loading conditions, the remaining life
would simply have been equal to Ny - ng. And integration of (18) would now result in the
expression

1 Al I 1.
Combining (20) and (21),
o [(d- Rg) Aoy ] n (Na'na> i
(d-Ry) Acg
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| Manipulating (22), the following modifi¢ * Miner’s rule is obtained:

d-Rg\ " fAoa\ M [Na

where Dag = o Acp Np
Thus, double-damge effects have the influence of modifying the Miner’s linear damage
rule. It can be shown that the double-damage debit factor, Dgg, is less than one for low
amplitude loading following high amplitude loading (a “High-Low” test) and is greate:
than one for high amplitude loading following low amplitude loading (a ‘“Low-High”
test). For (23) to apply, it is only necessary that a coherent crack be initiated at some time
during « - loading.

(23)

While the double-damage model can be written in the form of a modified Miner equation,
(23), it should be remembered that it is actually a fracture mechanics approach which
recognizes the exhaustion of the initiation life during the first loading block. This fact is
further illustrated by writing (23) in an expanded form and noting that the simple cycle
life of the second loading block, Ng, does not enter into the calculation of ng*:

*

1 - + 4
N ., n/ A n /N
- Ra Aog B

Stated yet another way, the double-damage equation (24) simply evaluates the crack growth
during the second loading by evaluating the severity of crack growth conditions in the second
loading block relative to the loading which exhausted the initiation life.

After a crack has been initiated, it propagates both along the surface of the bolt hole as well
as into the subsurface region. It is reasonable to assume that the propagation of the crack §
is governed essentially by the more positive R-ratio subsurface region. For this reason, sub- g

i

surface stress ranges and R-ratios are used in the double-damage equation (24).

As stated above, for (24) to apply, it is only necessary that a crack, a, exist at the end of
the « - loading block in a block - loading type of test. If a2 does not exist at that time, f
Miner’s rule initiation life exhaustion damage (16) continues to accumulate. In such a case, :
for a two-block block loading test, the double-damage rule would reduce to the simple :
Miner’s Rule. ;

For more complicated mission type loading such as the sequenced test shown in Figure

14, it is clear that the initiation life is not exhausted by just one of the various type of cycles
but is instead exhausted by major and minor cycles acting together. As such, a does not
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exist untxl after some unknown number of missions. As stated previously, pnor to the exist-
ence of a, the initiation life exhaustion is given by (16) and not until after a exists is it
appropriate to apply the double-damage rule. The assumption is made in this program

that all minor cycles contribute to the propagation life exhaustion. Thus, some flight-by-
flight subcycles experienced early in the component life will not see the small crack initiated
by the major cycles and the assumption will be conservative. For very long lived compon-
ents, this assumption becomes increasingly more conservative.

6.2 PHASE 1 — CUMULATIVE DAMAGE TESTS

6.2.1 TFR Specimen Testing

One gang of four bolt-hole specimens was used to determine the fatigue damage done during
the terrain following radar (TFR) portion of an actual mission. The specimen nominal stress
spectrum shown in Figure 34 was developed by considering a random sequence of +7 percent
(maximum) PLA excursions for the F100 second-stage fan bolt-hole location. The loading
was repeated continuously until 390,000 subcycles were imposed, corresponding to roughly
6,500 fleet-typical flights of the TF30 engine in the F-111. Testing was terminated at this
point and subsequent testing of one of the TFR specimens at test condition BHI (50 50 ksi
nominal stress) showed that the 1/32 inch crack life was no different from virgin specimens
tested under the same loading (see Figure 35). It was therefore concluded that the TFR
specimens could be considered to be virgin specimens. One of these specimens was subsequent-
ly tested at simple cycle condition BH4. The results of that test were reported in SectionV.
The remaining two specimens were subsequently tested at nominal stresses of 33 + 33 ksi for
155,000 cycles and then at 40 + 40 ksi until failure. A discussion of this test (labeled BH54)
is included in the next section (6.2.2).
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Figure 34  Terrain Following Radar (TFR) Simulation
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6.2.2 Cumulative Damage Specimen Tests
Phase I BH and SC cumulative damage test conditions and resulting lives are shown in Table

8, along with corresponding Miner’s Rule (17) and double-damage (24) life predictions..
The double-damage debit factor, Dag, used in these predictions is

o _(164-Rg 484 Aga\*84/ Ny 25)
= 1.64 - R, Ao Ng

The PWA 1216 room temperature crack propagation rate exponent (n = 4.84) and the
R-ratio model were established from independent testing.

Tests BH12 and BH23 can be considered “High-Low" tests (i.e., high amplitude loading
preceeding low amplitude loading) and, as noted previously, the double-damage debit
factors for these tests are less than one. Conversely, tests BH21 and BH 32 are “Low-High”’
tests and have Dqg’s greater than one. Predicted simple cycle lives (as discussed in Section
V) were used in both the Miner’s Rule and Double-Damage calculations shown in Table

8. Consequently the predicted cumulative damage lives are influenced by the simple cycle
life model’s ability to predict, thus making an evaluation of the two cumulative damage
models more difficult.So, in order to allow a more accurate evaluation, the average simple
cycle lives for each of the loading blocks were first used in the Miner’s Rule and double-
damage equations. The Weibull plots of these results are shown in Figures 36a and 36b.

In Figure 36a it is clear that the actual lives of “High-Low” tests are consistently over-pre-
dicted and that the “Low-High" tests are consistently under predicted. However, the double-
damage method predicts both “High-Low” and “Low-High” tests uniformly as shown in
Figure 36b. Thus, double-damage effects are clearly displayed and are predicted by the double-
damage equation (24). Figure 36¢ shows the effect of using predicted simple cycle lives in
(24); again, the tests appear to be uniformly predicted.
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Figure 36  Nonlinear Cumulative Damage Effects

The clear existence of the double-damage effect implies that a crack, 3, existed at the end
of the first loading block in these tests. In each of the tests, the number of cycles applied
in the first loading block was approximately 50 percent of the number of cycles needed to
initiate a small (approximately 0.008 inch) crack at that loading condition as established
from simple cycle testing. Thus, it seems reasonable that a small sub-detectable crack, a,
could indeed have existed at the end of the first loading block.

The test labeled BH54 is included in Table 8 for completeness even though it is judged

not to be directly applicable for the purposes of this contract. As shown in Table 8,

BHS54 is correlated by neither the Miner’s Rule nor the double-damage equation, but
examination of the calculations shown in the table indicate some obvious limits in the pre-
diction systems. First, the calculated simple cycle life (3,400,000 cycles) for the first
loading block is obviously much too optimistic since the specimens failed shortly after the
first 155,000 cycles had been applied. This over prediction is not surprising since the data
base is limited to much lower lives. Secondly, the double-damage calculation predicts that
the effect of Dog is to enhance the life of the second loading block. That is, the prior load-
ing is predicted to have caused ng* to be larger than the simple cycle life of the second
block, Ng. Clearly, this implies a limit on Dqg for “Low-High” tests. This limit has been
exceeded somewhat in condition BH32 as well, although it has not been exceeded as sub-
stantially as exhibited in the calculation for BH54. Lastly, such a limitation of the double-
damage calculation occurs only in the “Low-High” type of loading (where Pag > 1.0). This
type of loading never occurs in component usage. For this reason, the implied limit in the
double-damage calculation does not have to be considered further for the cumulative dam-
age predictions considered in this program.
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F The correlation of the cumulative damage specimen tests (including the single SC test)

i using the double-damage approach (25) is shown in Figure 37. Values of ng* are plotted
[ ‘ for the block loading tests.
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Figure 37  Correlation of Phase I Simple Cycle and Cumulative Damage Specimen Testing

6.2.3 Ferris Wheel Tests

Verification of the fatigue life prediction models described in previous sections was achieved
by tests of four fan test disks. The disk, shown in Figures 38 and 39 was designed to be LCF
life limited in the bolt hole. The elastic stress concentration factor (KT = 2.427) was deter-
mined from extensive finite element and finite difference analyses and verified with strain
gage surveys. Disk testing was performed in a “Ferris Wheel” (F/W) which simulates engine
operating stresses through radial loading applied at the disk rim.

The generic missions established from the mission surveys reported in Section II were

used as the basis for the disk testing. Actual disk nominal stress levels and the resulting lives
are shown in Table 9. The major cycle local stresses and strains of each Ferris Wheel disk
test are shown in relation to the BH specimen test condition in Figure 40. Three of the disk
tests were run to final failure but F/W4 test was suspended with no bolt holes cracked. All
three disks tested to completion failed from a single bolt hole; postfailure examinations
revealed no crack indications in any of the remaining holes.
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Figure 38  Phase I Ferris Wheel Disk (J16937-1)
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Figure 39 Dimension of Phase I Ferris Wheel Disk
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Figure 40  Specimen and Ferris Wheel Surface Layer and Subsurface Response

The life prediction methods described in previous sections have been developed for pre-
dicting typical or mean LCF life behavior, but because each test disk could have failed

from any one of twenty bolt holes, life predictions for the test disks were made for the appro-

priate probability of failure rate. Based on the probability distribution of actual versus
average lives for the BH specimens, the lowest lived of twenty holes would fail at 65 percent
of the mean predicted LCF life.

The disk bolt holes were manufactured using machining parameters which duplicated those
used in the BH specimen machining. However, the bolt holes in the second and third disks
were found to have machining marks atypical of the BH specimens and were subsequently
reoperated by honing to a maximum diametral increase of 0.008 inch. Thus, the surface
iayer of the second and third disks were not the same as for the first and fourth disks.

The double-damage model discussed in previous sections was used to predict the number of
missions required to fail the first hole in each disk. Due to the very low amplitude of loading
in Mission A of F/W3, this mission was assumed to contribute only to the exhaustion of
initiation life; no double-damage effects are assumed to be present in Mission A. Figure 41
shows how the correlation of actual and predicted missions varies with the assumed values
of surface layer machining stress, 0¢. It is clear that F/W) and F/W3 behave differently than
F/W1. Furthermore, the value of 0o (= —133 ksi) which correlates F/W| is nearly identical
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to 0o determined for the BH specimens. This correlation is expected since these parts were

F | machined in the same way. However, the value of 0o (= —71 ksi) which best correlates F/W?2
! and F/W3 reflects the fact that part of the surface layer was removed by subsequent honing.
This is viewed as clear evidence of the existence of the surface layer and firmly establishes
validity of the surface layer algorithm. The predicted lives for each of the F/W tests is shown
in Table 9.

Under predicted

Figure 41  Surface Residual Stress for the Second and Third Disks Shows the Effect of
Partial Surface Layer Removal

Overall correlation of all specimen and Ferris Wheel test data is shown in Figures 42 and
43. This correlation is judged to be extremely good considering the wide variety of speci-
mens, components, and loading conditions considered.
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Figure 42  Correlation of Phase I Specimen and Ferris Wheel Data
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6.3 PHASE II — CUMULATIVE DAMAGE TESTS
6.3.1 Cumulative Damage Specimen Tests

The PWA 1057 cumulative damage investigation involved several block loading tests and
one sequenced test. The actual test conditions and resulting lives are shown in Table 10.
The Miner’s Rule and double-damage life calculations for each test condition are also shown
in the table. The double-damage debit factor Dag used in these predictions is

RO i Ay ) o)
a6 = \1.077- Ry Aog Ng

The PWA 1057 900°F crack propagation rate exponent (n = 2.0) and the R-ratio model
were established from independent testing.

Consider first those tests involving only rapid cycle testing: BH32-2, BH29-1, and BH29-2.
In test BH32-2 the Miner’s Rule life calculation is the better of the two methods for correl-
ating the life. This is reasonable since it is relatively certain that a crack, a, was not initiated
during the first loading block (« - loading). It required approximately 2000 cycles at « - load-
ing level to initiate a *“‘pin-point”’ crack (approximately 0.008 inch) in the simple cycle test-
ing. As stated in Section 6.1, the double-damage concept reduces to Miner’s Rule for such
cases. Tests BH29-1 and 29-2 illustrate again that the double-damage model is appropriate.
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While the Miner’s Rule calculation appears at first glance to be comparable to the double-
damage calculation, it should be remembered that the simple cycle life prediction for ng* can
too low by nearly an order of magnitude as reported in Section 5.0. Thus, a Miner’s Rule
prediction for ng using an accurate simple cycle prediction for Nﬁ would be much higher than
the observed ng. But, as discussed in Section 6.1, the double-damage equation for ng* can

be written in the form (22) in which Ng does not appear. So the double-damage calculation
leads to a more accurate answer.

It is clear then that while the subcycle loading (8 - loading) produces essentially no damage
in itself, it does contribute significantly to propagation life exhaustion.

Test condition BH27 demonstrates that once the initiation life has been exhausted by prior
loading, the dwell cycle contributes to propagation life exhaustion in the manner described
by the double-damage equation. It was therefore inferred that the principal influence of
the dwell cycle is to enhance the initiation life.

Subsequent block loading tests BH62, BH73-1, and BH73-2 were conducted to investigate
the influence of dwell cycles on initiation life. This was done by selecting the number of
cycles in the first loading block, ny, such that a crack did not exist at the end of the « - load-
ing block. Thus for these tests, the Miner’s Rule life prediction is appropriate. The principal
effect of prior dwell loading on subsequent loading was found to be a reduction of the mean
stress levels over which subsequent cyclic activity occurred. This stress condition is reflected
in the simple cycle lives, Ng, for the § - loading condition. For the double-damage calculation,
the relaxation of both surface layer (affecting Ng values) and the subsurface region (affecting
the crack growth calculation) was recognized. The relaxation of the mean stress of the sub-
surface region is shown in Figure 44.
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Figure 44  Subsurface Mean Stress Relaxation
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In a similar manner, for the sequenced test, BH73S, the effect of the dwell period was

taken to be the relaxation of the mean stress level of the rapid cycles. In the double-damage
calculation, the propagation behavior of the dwell subcycle was debited relative to the prin-
cipal life exhausting cycle (the 50 + 50 ksi rapid cycle). The relaxation, both surface and sub-
surface occurs over a period of several hours and eventually reaches a fully relaxed condition
as discussed in Appendix C. The simple cycle lives and double-damage debit, Dag , shown

in Table 10 were calculated for the fully relaxed condition, tut it was calculated that nearly
10000 missions would be required to achieve the fully relaxed condition. It is apparent that
if a partially relaxed condition were to be used as the basis for calculation, lower lives would
be predicted. This result suggests an iterative process for determining the Nj and Dj; for
sequenced tests. From Table 10, it appears, once again, that the double-damage method
provides the better correlation.

Figure 45 shows the overall correlation of the cumulative damage tests. Total lives (n,, + ng)
are plotted here. The correlation is well within the 95 percent confidence band establishe
by the SC data alone.

6.3.2 Ferris Wheel Tests

Verification tests were performed on Ferris Wheel disks at a constant temperature of
900°F. Figures 46 and 47 show the actual disks mounted in the test rig with the heating
mechanisms in place. Figure 48 shows the dimensions of the test disk. This shape contains
the major features of a typical turbine disk. The elastic stress concentrations factor for the
disk was determined to be 2.33.

Actual test loading, based on the generic missions of Section II, is shown in Table 11. Each -
disk was subjected to a room temperature calibration run prior to testing to ensure that
proper loading conditions were being achieved. For tests F/W 1 and F/W 3 the room tempera-
ture calibrations were made using a maximum nominal stress equal to that experienced dur-
ing 900°F testing. However, in the room temperature calibration of F/W,, the maximum
stress was 16 percent higher than the maximum stress experienced during subsequent cycling.
The effects of these room temperature cycles were accounted for in the prediction of the
F/W test results. Figure 49 shews schematically how the effect of the room temperature
loading was calculated. Simply stated, the room temperature monotonic and hysteresis
curves are used to calculate an initial stress and strain state (point B in Figure 49) for sub-
sequent high temperature loading. The high temperature loading continues from point B
along the 900°F hysteresis curve for both the surface layer and surface region.

The surface layer algorithm, using 0, = -160 ksi as determined from BH tests, and the relaxa-
tion algorithm (Appendix C) were used to calculate the local bolt-hole stresses and strains.
The double-damage equation was used in the life prediction. None of the tests reached a

fully relaxed condition prior to the end cf testing.

In all cases the simple cycle lives, N;, and the double-damage debits, Dij, for a given mission
were calculated using the stresses occuring at the end of that mission. For the final mission
in a test, the relaxation was calculated at the number of missions corresponding to first
cracking. All life predictions were made for typical bolt-hole behavior, i.e., half of the holes
in the disk showing 1/32 inch cracks. In all three tests, a sufficient portion of the bolt holes
were cracked to establish the actual typical lives. Typical lives are shown in Table 11.
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Figure 45 Correlation of Phase II Simple Cycle and Cumulative Damage Specimen Testing

Figure 46
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Phase II Ferris Wheel Rig (77-441-4008-A)
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Figure 47  Phase II Ferris Wheel Disk in Test Rig (77-4414008-B)
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Figure 48  Dimensions of Phase II Ferris Wheel Disk
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Figure 49  Local o, € Response to Room Temperature Loading

In disk tests F/W, and F/W3, the loading was changed from one type of mission to another
relatively early in the life of the disk, thus creating the possibility that the initiation life was
not exhausted prior to the change in mission type. As stated previously, the double-damage
debit, Dij, is properly applied only to those cycles occuring after the initiation life has been
exhausted In the case of disk test F/W3, the assumption that the initiation life was exhausted
(i.e., a existed) during the first applications of Mission C leads to a double-damage predic-
tion that the disk would have failed during Mission B loading. This assumption obviously

was not the case. On the other hand, if the 1300 Mission C and the 2500 Missions B contrib-
uted only to initiation damage, the double-damage model would predict an additional 3250
Missions C until failure of half of the bolt holes which agrees very well with actual life.

It is clear that if 1300 Missions C were insufficient to exhaust the initiation life in F/\V3 then
certainly only 850 Missions A would also not exhaust the initiation life in F/W5. The double-
damage life model then predicts that an additional 4430 Missions C would be needed to fail
50 percent of the bolt holes. This prediction also agrees very well with the actual typical life
as shown in Table 11.

Since only one type of mission was used in dISk test F/W . all subcycles were assumed to

contribute to the propagation of the crack, a. Consequently, the predicted life is conservative.
But again, the agreement between actual and predicted lives is good.
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Figure 50 shows the overall correlation of all Phase II specimen and Ferris Wheel tests. The
correlation of all the cumulative damage tests is within the 95 percent confidence band de-
termine from the SC data alone. The Weibull distribution of the data (subcycle data not in-
cluded as discussed previously) is shown in Figure 51. This overall correlation is judged to
be very good indicating that the various components of the prediction model accurately de-
scribe the damage processes that occurred.

6.4 CUMULATIVE DAMAGE PREDICTION COMPUTER PROGRAM

A computer program was written for the prediction of disk cumulative damage life exhaus-
tion using the methods discussed in this report. The program recognizes the existence of a
surface layer and the relaxation of stresses caused by dwell periods. The cumulative damage
effects are modeled by the double-damage method described above. The assumption is made
that all minor cycles contribute to propagation life exhaustion. The computer program is
discussed further in Appendix E. Computer program documentation is contained in Ref-
erences 1 and 2.
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Figure 50  Correlation of Phase II Specimen and Ferris Wheel Data
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SECTION VII
CONCLUSIONS AND RECOMMENDATIONS
7.1 LCF LIFE EXHAUSTION MODELS

Prediction of low cycle fatigue (LCF) damage due to complex load history is an active area
of research”® and is not limited to aerospace applications®. A major conclusion of the cur-
rent work is that most of the published fatigue results (such as those presented in Dowling
et al'®) are inappropriate for the current research effort due to the use of balanced strain
testing which neglects mean stress effects. Further, it is concluded that no acceptable design
model can be generated that does not reflect differences due to specimen type and machin-
ing effects.

The approach used in the reported research and development program was the local strain
approach, as discussed by Dowling et al; that is, unnotched, strain controlled specimens
are tested at conditions of strain range and mean stress that represent those of the loaded
notch. The notch conditions were necessarily modeled in a manner that accounted as
fully as possible for nonlinear response, in a cost-effective manner. However, it was clearly
concluded that notched specimens, representative of the actual component notch including
all machining operations, must be tested in order to predict component life. Further conclu-
sions on machining effects are discussed in Section 7.2.

Simple correlation models such as used in the current effort can successfully fit LCF data
taken over a wide range of loading and specimen conditions if proper care is taken to define
the local strain and mean stress conditions. The approach used emphasizes automated cor-
relation methods, as opposed to engineer-interpreted design curves. With care, some of the
“scatter” between actual lives and the simple correlation model can be reduced by local ad-
justments in the life curves. However, the risk that the adjustment could be in error for other
load conditions is perhaps as great as the original error. It is concluded that the simple correla-
tion model is as good an approach for design as hand drawn life curves, for the data obtained
in the current program.

The life prediction model is based on correlating the number of LCF cycles to initiate a 1/32
inch surface length crack in the specimens and components. It was concluded that while
some propagation of a coherent crack was involved in the LCF initiation life, the effects of
different stress (strain) gradients was not important. Further, it was concluded that all lives
(with a possible exception for very short LCF life data) included demonstrable initiation
and propagation behavior. While further research into microcrack growth modeling is
recommended, the use of a fracture mechanics model for the LCF life data obtained is not
recommended!’.
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7.2 SURFACE LAYER MODELS AND MACHINING EFFECTS

Clearly, one of the most important conclusions from the current research and development
effort was the need to systematically account for a surface layer of previously worked mate-
rial in the tested notches. While it is generally accepted that both residual stress and surface
cyclic work hardening are important effects'?, the authors are not aware of a simple model
for these effects, comparable to the one successfully adopted in the current effort.

Scatter in LCF life data is a major influence on minimum design life calculations for a safe-
life design methodology. Control of scatter to increase the minimum cyclic life is a critical
area for future research. The simple surface layer model developed in the current effort is
based only on bolt holes, machined under carefully controlled conditions. Further research is
required to establish better models for the nature of the surface layer work hardening, the
level of the imposed residual stresses, and the effects of different machining operations. While
such an effort is a major undertaking, the potential pay-off appears to be quite attractive in
terms of increased performance and reduced cost for critical retating structure components.

7.3 DWELL (CREEP) EFFECTS

The presence of time dependent behavior in turbine disks was clearly established in the cur-
rent effort. All of the elevated temperature testing emphasized dwell events at high stress
levels which generally benefit life. However, the analytical model adopted for dwell effects
on mean cyclic stress includes the potential for life debits due to dwell at low stress levels.
Further testing to verify the potential life debit is recommended.

It was generally concluded that no acceptable material behavior analytical model exists for
predicting the time-dependent creep effect which can account for cyclic loading at locally
high stress levels. Thus, cyclic test data had to be obtained which could be used to develop

a simple exponential decay model for cyclic dwell stresses. The model used was based on
data at one stress level and one temperature. Further work is required to develop a calibrated
model of dwell stress relaxation for different stresses and temperatures.

Finally, the current effort did not involve creep-fatigue interaction effects. While such problems
also involve time-dependent plasticity, the temperature levels of the current effort are not
judged to be sufficient to contribute creep damage to the material microstructure. Major

new research efforts are required to model creep-fatigue damage at a level of confidence
comparable to that achieved in the current effort.

7.4 CUMULATIVE DAMAGE MODEL

An early conclusion in the research and development effort was that the nature of LCF
cycles in military gas turbine engine disks contained one critical simplification. Essentially
all important cyclic stress excursions at the disk bolt-holes shared a common maximum
stress. Thus, nonlinear overload damage retardation modeling was not required. This conclu-
sion will generally apply to all disk notch locations with the exception of those seeing major
transient, thermally driven excursions.
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The only nonlinear damage effect that remained was named by Manson'? as the “double-
damage”’ effect. Simply stated, a stress (strain) cycle does damage at a different rate on
cracked material than on uncracked material. The data generated in the current program
clearly supported this hypothesis. A fracture mechanics based model was developed which
accounts for this effect by debiting the cyclic initiation life of low amplitude cycles to
account for the cracking damage done by the major cycles. While somewhat conservative,
the adopted algorithm was found to give good nonlinear damage estimates for military mis-
sion modeling.

7.5 DESIGN MODELS FOR LCF LIFE EXHAUSTION

The model developed by the current effort is judged to be suitable for design purposes under
a few stipulated limitations. The current effort was calibrated only for disk bolt-holes, al-
though the procedures are felt to be generally applicable. Single heats of the two materials
and single machining operations were included in the current statistical base. Actual design
implementation of the current model must include the greater statistical scatter associated
with heat-to-heat and processing variables. Application of the current model to hot section
components is limited to zero creep-fatigue interaction and to mission cycles represented by
nearly constant values of peak tensile cyclic stresses. Also, calibration of the dwell model
used is limited, as discussed in Section 7.3, to a single temperature and dwell stress level.

Use of the developed LCF life exhaustion model for engine disk design is possible for new
alloy systems where data generation can be obtained along lines similar to those used in the
reported program. Application of the developed model to old materials is not recommended
without the development of the necessary new data base. In both cases, it should be clearly
recognized that the development of a data base for LCF life exhaustion modeling for design
purposes is a major undertaking.
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APPENDIX A
MATERIAL CHARACTERIZATION

Basic material characterization tests were conducted for a single heat code of each of two
disk alloys: Ti (6Al-2Sn-4Zr-6Mo), (PWA 1216), heat code CAAZ and WASPALOY®
(PWA 1057), heat code XNNZ. Monotonic and cyclic uniaxial stress-strain tests were per-
formed for both materials using the close-loop, servo-controlled MTS testing machine. The
specimen used is the strain controlled specimen shown in Figure A-1. Gage section strains
were controlled within +0.001 in/in; loads were measured with an accuracy of +30 Ib. In
addition cyclic relaxation and standard creep tests were performed for PWA 1057 using
the specimens shown in Figures A-1 and A-2 respectively.

I T 0.3 da. l _1

0.55 tia.

Figure A-1 Strain Controlled Constitutive Test Specimen
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Figure A-2 Creep Specimen
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The monotonic stress-strain curves are shown in Figures A-3 and A-4. No strain rate sensi-
tivity was observed over the range of strain rates of interest; 0.01 in/in/min to 0.10 in/in/
min. Yield behavior of the PWA 1057 was discontinuous at 900°F. Figure A-5 is a tracing
of an actual load-deflection plot showing this discontinuous behavior. These slip bursts
were accompanied by accoustical emissions and were observed only during monotonic
straining greater than approximately 0.007 in/in. The load drop during these slip bursts

were within the variation of the monotonic strengths from repeated tests and were therefore

not modeled explicitly by the monotonic curve adopted for use in this program.
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Figure A-3 PWA 1216 Room Temperature Monotonic Stress-Strain Curve

2001
E—
900°F
A .
a, Monotonic i
stress
(ksi) Room temperature 900°F
Young's modulus 340 x 106 psi 29.0 x 106 psi
Proportional limit 132,000 psi 118,500 psi
0.2% offset yield strength 155,000 psi 141,000 psi
0 10 70

¢, Monotonic strain (% strain)

Figure A-4 PWA 1057 Monotonic Stress-Strain Curve
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Figure A-5 Load-Deflection Tracing Showing Discontinous Yielding of PWA 1057 at 900°F

Incremental step tests were used to characterize the cyclic stress-strain behavior of the two
materials. Cycling was strain controlled at a fixed strain rate between selected strain limits
until stabilized hysteresis loops were observed. Maximum strain limits were incrementally
increased while maintaining the same minimum strain. Figure A-6a illustrates the technique.
In both PWA 1216 and PWA 1057, stabilized hysteresis loops were obtained within a few
cycles. Neither material exhibited cyclic hardening or cyclic softening. The cyclic stress-
strain behavior was characterized by plotting the shapes of the hysteresis curves, i.e., curves
A, B, and C for each test. This is illustrated in Figure A-6b. For PWA 1216, the shape of
each hysteresis loop formed a single hysteresis curve (Figure A-7), while in PWA 1057, each
strain range had its own characteristic curve shape (Figure A-8). The loci of tips of such
curves were taken to represent the cyclic behavior of PWA 1057. The resulting curves are
shown in Figure A-9.

Standard creep tests of PWA 1057 at 900°F were conducted using the specimen shown in
Figure A-2. The results of these tests are shown in Figure A-10.

Two cyclic relaxation tests were also conducted using the specimen shown in Figure A-1.
During these tests, the specimen was cycled between fixed strain limits with a 125 second
“dwell” time imposed at the maximum strain of each cycle. While total stress range was
unchanged during cycling (neither hardening nor softening) the peak stress, and conse-
quently the mean stress was observed to change during cycling. These results are shown in
Figure A-11. The stress relaxation was found to be approximated by equation A-1.

0= 1556-0.002t

where o = the current stress (KSI) (A-1)
t = time spent at peak stress (hr)
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Figure A-6 Incremental Step Tests Used to Establish Hysteresis Curve
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Figure A-7 PWA 1216 Hysteresis Curve Shape
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Figure A-8 PWA 1057 Hysteresis Curves Show Dependence Upon Strain Range
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Figure A-9 PWA 1057 Hysteresis Curve Shapes
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Figure A-10  Results of PWA 1057 Cyclic Relaxation Test
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